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a b s t r a c t
Gel-to-gel variation is a major problem in two-dimensional (2D) gel electrophoresis. Verti-
cal and horizontal comparative ﬂuorescence gel electrophoresis (v/hCoFGE) were recently
introduced to improve the reproducibility of protein spot assignment. There, in a combi-
nation of 1D- and 2D-PAGE, protein analytes were overlaid with a reference grid which
allowed correcting for variation in the y-direction. However, control of the ﬁrst dimension,
pI (x-direction), was missing so far. Here, we applied amphoteric azo dyes for this purpose
completing the CoFGE toolkit.
© 2015 The Authors. Published by Elsevier B.V. on behalf of European Proteomics
Association (EuPA). This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Two-dimensional polyacrylamide gel electrophoresis (2D-
PAGE) continues to be an important protein separation
technology despite advances in other analytical methods such
as mass spectrometry. However, gel-to-gel variation remains
a major drawback. Developments such as DIGE (differential
2D ﬂuorescence gel electrophoresis [1]) for gel-based pro-
teome expression analysis provide amendments. In DIGE,
three matching ﬂuorescent dyes are used to run biological
sample replicates (≥3) in parallel with an internal standard,
each sample pair (e.g. control vs. treated) on a single gel.
Although replicate experiments are favourable, multiple sam-
ples of one kind are not always available as is, for instance, the
case in patient biopsies or samples taken in ﬁeld work. There-
fore, CoFGE (comparative 2D ﬂuorescence gel electrophoresis
Abbreviations: v/hCoFGE, vertical/horizontal comparative 2D ﬂuorescence gel electrophoresis; MW, molecular weight; pI, isoelectric
point.
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[2–5]) uses different ﬂuorescent staining to label the analyte
and a grid of marker proteins on one gel in an effort to relate
the former to the latter and thus generate much more repro-
ducible protein spot coordinates. The grid is formed with an
adapted 1D-PAGE approach (for detailed explanation of the
procedure see [2,4]). Brieﬂy, in vertical (v)CoFGE, marker wells
are casted on top of the pI-strip carrying the sample and
ﬁlled with a deﬁned mixture of standard proteins. Analyte
and marker are separated at the same time during GE in that
way. Handling is much easier in horizontal (h)CoFGE, where
the marker wells only have to be punched out from the gel on
the cathodic side of the pI-strip.
Due to the ﬁxed locations of the marker wells, gel vari-
ation in the second dimension is well reﬂected in CoFGE.
http://dx.doi.org/10.1016/j.euprot.2015.03.003
2212-9685/© 2015 The Authors. Published by Elsevier B.V. on behalf of European Proteomics Association (EuPA). This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1 – pI-Strips (Serva IPG BlueStrip, 24 cm, pH 4–7) carrying dye (orange pI 4.3–0.6g, lavender pI 5.3–0.2g, red pI
6.2–0.35g) and E. coli proteome. They were scanned after the ﬁrst dimension. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this article.)
Variation associated with pI is, however, not corrected at all.
This was not a major problem in earlier experiments, because
commercially available pI-strips showed high quality [2,4].
Nevertheless, the variation in the ﬁrst electrophoretic dimen-
sion remained an uncontrolled factor in the experiment. The
scientist was dependent on the manufacturer delivering good
batch-to-batch strip reproducibility in termsof gradient linear-
ity or non-linearity, respectively, depending onapplications. In
order to resolve this unsatisfactory situation, we tried to ﬁnd
suitable protein standards for that purpose [4]. However, both
the pI coverage and the purity of the commercially available
proteins were not convincing.
Already 20 years ago, substituted aminomethylphenols
have been proposed as low-molecular markers for the elec-
trophoretic and chromatographic focusing of ampholytes [6],
but never really gained much attention among GE users. With
the expanding ﬁeld of proteomics this line of research has
attracted new interest. As detailed in Ref. [7], pI-markers
shouldmeet anumber of criteria suchas good focussing ability
and hydrophilicity, chemical stability and purity. A pI colour
code in the visibly range would also be useful. The Sˇlais group
has been active in this research area for many years syn-
thesizing marker ampholytes derived from nitrophenol and
methyl red [6–8]. Coloured azo pI standards were made avail-
able which covered the entire pI-range [7,8]. The majority of
those compounds could serve as primary standards, because
their pI values were determined with methods independent
of isoelectric focussing [7].
We have tested lavender pI 5.3 [8], red pI 6.2 [6],
strawberry pI 8.0 (unpublished, 2,6-bis(4-morpholinylmethyl)-
4-(2-thiazolylazo) phenol) and orange pI 4.3 (unpublished,
2-{[3-chloro-4-hydroxy-5-(1-pyrrolidinylmethyl) phenyl] azo}
benzoic acid). Data in brief Fig. 1 [10] shows a concentra-
tion series ranging from 5ng to 1g dye on pI-strips pH 3–10.
Depending on the dye, the middle range of concentrations
seemed to work best showing pronounced dye bands. For
experiments in the pH range 4–7 used for the test proteome
Escherichia coli we adjusted the dye amount and used: orange
pI 4.3–0.6g, lavender pI 5.3–0.2g, red pI 6.2–0.35g (Fig. 1).
In order to check whether or not pI-control with these dyes
had any effect on the reproducibility of protein spot assign-
ment in 2D-PAGE,weusedE. coli lysate as the analyte proteome
in the same manner as described before (equipment from GE
Healthcare, Freiburg, Germany; HPE FlatTop Tower from Serva,
Heidelberg, Germany [4]). Brieﬂy, the analyte proteome was
overlaid with a reference protein grid for control of the molec-
ularweight dimensionusinghCoFGE. Three experimentswere
performed without and with pI-control, respectively; each set
was run a week apart. Results are detailed in the Data in brief
Fig. 2 – Master grid which contains three more spots for the
location of the azo dyes on the pI-strip (top). They have
been determined as mean of six experiments on Serva IPG
BlueStrip, 24 cm, pH 4–7. This ideal grid was used to correct
the experimental spot locations in gels as shown
exemplarily in the false colour image (gel II-b of all six
experiments supplied in Data in brief [10] Fig. 5, 50g
E. coli – red, 0.72g reference grid mixture per well – green).
For details on the protein mix (double spot formation for
trypsin inhibitor) see Ref. [2,4]. (For interpretation of the
references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Table 1 – Comparison of results of v/hCoFGE experiments including published data [2,4]. In the vCoFGE experiment 47
protein spots were evaluated, in all other 30.
No warping Warping
x y x y
vCoFGE (2 exp., 6 gels total) [2]
Mean % 1.77 6.60 0.75 0.97
Range % 0.60–3.40 1.40–11.00 0.02–1.70 0.20–2.70
hCoFGE (3 exp., 8 gels total) [4]
Mean % 2.35 4.97 1.27 1.00
Range % 0.5–11.05 3.08–10.00 0.26–4.88 0.26–4.23
6 best gels
Mean % 1.33 4.64 0.93 1.07
Range % 0.39–5.18 3.09–10.98 0.22–5.22% 0.31–5.48
4 best gels
Mean % 1.30 4.75 0.67 0.61
Range % 0.36–5.34 3.43–6.46 0.12–1.41% 0.15–1.65
pI-control experiment with 2 proteins, hCoFGE (1 gel) [4]
Without pI-control
Mean % 2.87 5.29 2.11 0.98
Range % 0.6–13.21 3.17–9.75 0.30–6.85 0.26–3.82
With pI-control
Mean % 1.98 1.06
Range % 0.54–7.39 0.40–3.92
pI-Control experiments here, hCoFGE
Without pI marker (3 gels)
Mean % 2.11 1.73 1.46 0.55
Range % 0.32–5.83 0.11–3.94 0.4–2.62 0.08–1.51
With pI marker (3 gels)
Mean % 1.37 0.67 1.24 0.47
Range % 0.12–4.56 0.14–2.26 0.07–2.39 0.08–0.88
([10] Figs. 2 and 3, Table 1 – experimentwithout pI-control; Figs.
4 and 5, Table 2 – experiment with pI-control). Fig. 1 shows the
pI-strips from this experiment carrying both E. coli and dye.
The strips were scanned with an ofﬁce scanner between the
ﬁrst and second electrophoretic dimension. The bands were
well deﬁned and provided clear centres for the warping pro-
cedure (Delta 2D 4.5, Decodon, Greifswald, Germany). In order
to prepare a master gel as warping reference, dye locations on
the strip have been determined as mean value from six repli-
cate experiments before and were added manually to the ideal
grid containing 140 nodes (Fig. 2). Thirty landmark E. coli pro-
tein spots were chosen to compare their x- and y-coordinates
with and without warping. Each experimental grid was related
to the ideal grid (warp mode: exact). The obtained match-
vectors were saved and applied to the E. coli proteome image.
For pI-control, the warped E. coli images were warped a sec-
ond time (warp mode: global). As expected, corrections were
not as dramatic in this standardized set-up as they have
been for singular experiments or for vertical (v)CoFGE [2].
Table 1 lists the data from the comparative experiments per-
formed so far including earlier proof-of-principle data for the
CoFGE methodology [2,4]. While larger experiments involv-
ing more than three gels and time frames between runs of
weeks and months can show variation of mean of 5% and
more, our experiments here using precast gels and pI-strips
from one production batch ran quite reproducibly. In the ﬁrst
set of three gels when no pI-control was used, variation in
the x-dimension was improved from 2.11% to 1.46%, in the
y-dimension from 1.73% to 0.55%; in the second set of gels
withpI-control from1.37% to 1.24%and0.67% to 0.47%, respec-
tively.
As concluded before, pI-control in highly standardized
CoFGE experiments is optional, but it is, nevertheless, now
available to tackle complicated analytical challenges [9]. The
method enables cross laboratory comparison of data obtained
on different platforms. It is a particular honour to publish this
work in memoriam of Juan Pablo Albar who was very much
involved in standardization efforts during his career.
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in the online version, at doi:10.1016/j.euprot.2015.03.003.
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